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Abstract 



It has been pointed out recently by Chanowitz that the Z ^ bb decay 

asymmetry poses a problem for the standard model whether it is genuine or 

not IQ. If this conflict is interpreted as new physics in the 6-quark couplings, 

it suggests a rather large right handed coupling of the 5-quark to the Z-boson. 

We show that it is possible to accommodate this result in left-right models 

that single out the third generation. 
PACS numbers: 12.15.-y, 12.60.-i, 14.70.-e 
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I. INTRODUCTION 



The precision measurements at the Z resonance continue to exhibit a deviation from the 
standard model in the observable J^p^ by about three standard deviations 0,0]. It has been 
pointed out recently by Chanowitz that this deviation indicates a problem whether it is 
genuine or not. In particular, Chanowitz argues that if the anomaly in J^p^ is attributed 
to systematic error and dropped from the LEP fits, then the indirect determination of the 
Higgs mass is in conflict with the direct limit [^. 

In Ref. [^], Altarelli et.al. approach this problem by looking for super-symmetric cor- 
rections that improve the quality of the LEP fits (including J^p^)-, and that improve the 
consistency with the direct limits on the Higgs boson mass. They find that this is possible 
with light sneutrinos. 

The possibility of new physics affecting the Zhh coupling has also been discussed in 
Ref. 0] . It is known that it is not easy to explain the J^p^ anomaly with new physics in the 
Zhh coupling mainly because the measurement of R\, is in good agreement with the standard 
model. However, as pointed out by Chanowitz [^], it is possible to have deviations in both 
the left and right handed couplings of the 6-quark to the Z-boson in such a way as to change 
J^p^ without affecting Ry,. 

Our starting point is the combined fit to LEP and SLD measurements in terms of the 
left and right handed couplings of the 6-quark. These are shown in Figure 11 of Drees pf, 
as well as in Ref. [^. Subtracting the standard model values from the central value of the 
fit one obtains the deviations, 

bgm> ~ 0.02 

bgLh ~ 0.001, (1) 

where we have fiipped the sign of g^ii, in Ref. 0,0] to agree with the particle data book 
definitions. 

The tree-level coupling in the standard model is written as 
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Li^L) = ^lYigLbL + gmR)hZ^, (2) 

cos Ow 

with L{R) = (1 =1= 75)/2. In terms of gy = ^ls — 2(5 sin^ g^ = tis (with the parameters 
defined in Ref. 0), gLb = {gvb + gAt) and gRb = {gvb — gAb)/'^- Here tLs is the weak isospin 
which is 1/2 for up-type of quarks and —1/2 for down-type of quarks, and Q is the electric 
charge in units of e. At tree-level then, 

gLb = -^ + ^sm^ew ~ -0.42 

gnb = ^sm^ew -^ 0.077 (3) 

To gauge the magnitude of the required shifts, Eq. |l], it is useful to compare them with the 
one-loop correction in the standard model due to the heavy top-quark, 6gLb ~ 0.003 0. 

In view of the agreement of other low energy observables with the standard model, any 
new physics invoked to explain the A^p^ anomaly has to affect primarily the third family, 
and in particular the right-handed couplings. 

Several scenarios in which the third generation interacts differently from the first two 
have been explored in the literature. Foremost amongst these is top-color, where the Zbb 
couplings have been studied extensively in connection with Rf, l^-^. It is easy to see that 
while top-color can easily generate a correction to the left-handed 6-quark coupling of the 
required magnitude, it cannot generate a sufficiently large correction to the right-handed 
b coupling p|. Other models considered in the literature, such as those of Refs. |jlO|, 111 



|T^ and [0, single out the third family as well. However, they predominantly affect the 
left-handed couplings, and cannot generate the shifts required by the Ap^ measurement. A 
possibility that may accommodate the required new physics appears in certain scenarios in 



which the 6-quark mixes with heavy quarks with unconventional charge assignments |[T^-[T7 . 

Alternatively, the LEP data can be attributed to new physics in the form of higher 
dimension operators. In this way one does not have to explain the origin of the new physics 
but can still use it to predict other consequences. This has been done in Ref. |T8| . 

In this paper we explore the possibility of a left-right model that preferentially affects 
the third family. In Section 2 we present a model of this type and show how it can naturally 



accommodate the required shift in gjib. In Section 3 we explore the viabihty of the model 
in light of other existing constraints. 

II. THE MODEL 

The specific model to be discussed is a variation of Left-Right models |T9| , |20[| . The gauge 
group of the model is SU{3) x SU{2)l x SU{2)r x U{1)b-l with gauge couplings (73, ql, qr 
and g, respectively. The model differs from other Left-Right models in the transformation 
properties of the fermions. 

The first two generations are chosen to have the same transformation properties as in 
the standard model, 

Ql = (3, 2, l)(l/3), Ur = (3, 1, l)(4/3), Dr = (3, 1, l)(-2/3), 

L^ = (l,2,l)(-1), E^ = (l,l,l)(-2). (4) 

The numbers in the first parenthesis are the 5'f/(3), SU(2)l and SU(2)r group repre- 
sentations respectively, and the number in the second parenthesis is the U{1)b~l charge. 
The third generation is chosen to transform differently, 

Qz.(3) = (3, 2, l)(l/3), Qr(3) = (3, 1, 2)(l/3), 

Lz.(3) = (1, 2, 1)(-1), Lr = (1, 1, 2)(-l). (5) 

The above assignments are unusual compared with the conventional Left-Right model, 
but they enhance the difference between the right handed couplings of the first two and the 
third generations. This model is anomaly free. 

The correct symmetry breaking and mass generation of particles can be induced by the 
vacuum expectation values of three Higgs representations: Hr = (1, 1, 2)(— 1), which breaks 
the group down to SU{3) x SU{2) x f/(l); and the two Higgs multiplets, Hl = (1, 2, 1)(-1) 
and (p = (1)2,2)(0), which break the symmetry to SU{3) x U{l)em- For the purpose of 
symmetry breaking, only one of Hl or is sufficient, but both are required to give masses 
to all fermions. 
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One may also introduce triplet Higgs multiplets, A^, = (1, 3, 1)(2) and Ar — (1, 1, 3)(2) 
to separate the SU{2) ^ and SU (2)^ symmetry breaking scales and to give Majorana masses 
to the neutrinos. These triplets may be desirable for neutrino physics for example but they 
are not necessary for our present purposes. 

The introduction of causes the standard model W and Z to mix with the new Wr 
and Zr gauge bosons. Here Wr is the SU{2)r charged gauge boson and Zr is a linear 
combination of the neutral component of the SU{2)r gauge boson W^r and the U{1)b-l 
gauge boson B defined as 

ZR^coseRW-iR-sineRB, (6) 

where tan 9r = q/qr. 

In the bases (W, Wr) and {Z, Zr) for the massive gauge bosons, the mass matrices are 
given by, 



w 



1 
2 



/ 2 2 \ 

^IIZ ^12Z 



2 2 
^12Z ^^22^ 



(7) 



with 



2 2/1 |2 I nl |2 I I |2 I I |2\ 

^UW ^ 2^L{m\ +^\vaA +\Vi\ +1-^21); 



ml2W = ^aUl^Rl^ + 2\vAn\ 

'^i2W = -gLQRReivivl), 

1 



m 



iiz 



^22Z 



\Vl\ 



\v2n 



9l 



2 cos^ 9^^ 
1 9l 



2 C0S2 Or 

+ {\vR\^ + MvA^\^)y, 



i{\vL\^ + MvA,\^) Sin" 9r + + \v2\^) cos" 9 



R 



mi2Z = ]9l9r^^^{{\vl\^ + 4|^;aJ') tan^R - {\vi\'' + \v2\^) cot ^r)), 
4 cos 9w 



(8) 



where Vi are the vevs of the Higgs representations Hl,r, Al,r and (p. 

To compare the fermion-gauge-boson couplings that result in this model with those in 
the standard model, we find it convenient to introduce the following definitions for gauge 
mixing angles. 



9l Ql 

cosOl . „ sin 6^^ cos 6*^ 

cos dw = I ^ ^ = , sm Ow - 



(9) 



' 1 — sin^ 6l sin^ Or y 1 ~ sin^ 6l sin^ 6r 

After diagonalization of the mass-squared matrices, the hghter and heavier mass eigen 
states {Z^, Z'^) and {W^, W'^) are given by 



COS sin 
— sin^VK cos^w 



where are the mixing angles, 



tan(2^iy,z) = 



2"^12{VK,Z) 



COS e,z sm e,z 
^ -sin^z cos^z y 



(z \ 



(10) 



''11{Z,W) ~ ^22{Z,W) 

In principle and a-re related, and this can introduce severe constraints from processes 
such as 6 — >^ 57. However, in general we find that the two can be quite different. For 
example, in the limit where g « qr we find 

2Re(i'ii'2) sin 9r 



(11) 



w 



v]^ + 2v^^ + V1+V2 tan 9 
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w 

,2 , „,2 gi^^ 



^1 + ^2 



cos"^ 9r— 



R 



(12) 



+ 4:v'^R + v'( + v'i~'~' ' sin 6*1^ 

This limit is of interest because it is the one required by the data as we will see in the 
next section. 

These results show that it is possible to have the mixing in the neutral sector be larger 
than the mixing in the charged sector by taking Vi much larger (or smaller) than V2', or by 
giving them a large relative phase. 

The vevs of Hl and will generate all the masses and mixings for the quarks. They also 
provide masses and mixings for leptons. Neutrinos in this model can also receive Majorana 
masses from the vevs of A^, and Ar. If va^ is much larger than the electroweak scale, the 
right handed neutrino will be much heavier than the left-handed neutrinos. However, there 
is also the possibility that the vev of Ar is of the same order as the vev of such that all 
neutrinos (the three left-handed ones and the right-handed one) are light. This possibility 
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may provide a solution to all the neutrino problems resulting from the atmospheric, solar 
and LSND data, should the LSND result be confirmed. 

In this model there are new interactions between the massive gauge bosons and quarks. 
For the charged current interaction, there are both left and right handed interactions. In 
the weak eigenstate basis, the charged gauge boson, W, couples to all generations, but the 
charged gauge boson, Wr, only couples to the third generation. There is a similar pattern for 
the neutral gauge interactions. This pattern gives rise to interactions between the fermions 
and the lightest physical gauge bosons that can be made to resemble the standard model 
couplings except for the right-handed couplings of the third generation; precisely the scenario 
suggested by the Ap^ data. In the mass eigenstate basis the quark-gauge-boson interactions 
are given by. 



where U = {u, c, t) and D = [d, s, b). Vkm is the Kobayashi-Maskawa mixing matrix 
and V^^^ are unitary matrices which rotate the right handed quarks ujn and dm from the 
weak eigenstate basis to the mass eigenstate basis. The repeated indices i and j are summed 
over three generations. For the neutral sector the couplings are. 



In this expression q and ql are summed over u, d, c, s, t, b quarks, and repeated i,j indices 
are summed over the three generations. The first line contains the standard model couplings 
to the Z in the limit — 0- The first two lines also contain couplings of the two Z bosons 
to quarks that arise through mixing of the neutral gauge bosons. 

The most interesting terms occur in the third line and are potentially large if cot Or is 
large. In the weak interaction basis they affect only the third generation whereas in the 




(13) 




= \ qY{9v - 9Al5)qicosCzZl - sin^z^S 

Z cos u\Y 

+ ^taneRi^qLj^QL + ^URi^URi - '^dRiYdRi)ismCzZl + cos^z^J) 

- ^{te^nOR + cot eR){uRa'V^;y^,^URj - dR,^^V^l,V^,^dRi){smizZl + cosCz^J). (14) 
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mass eigenstate basis (as written in Eq. 0) they also give rise to flavor changing neutral 
currents. To satisfy the severe constraints that exist on flavor changing neutral currents we 
must have very small V^^^ and V^^^ matrix elements as we discuss in the next section. 

It is clear that if S,z is not too small, through mixing, the 6-quark coupling to the light Z 
boson can be very different from that of the d and s quarks due to the last term in Eq. |T^. 
If indeed the enhancement is achieved via a large value for cot Or, the couplings of the flrst 
two generations will remain close to their standard model values. This illustrates how this 
model would solve the problem. To leading order in small one flnds, 

5gLb ^ -7 sin 9w tan 9r 
o 

1 1 
^9Rb ~ 2 sin Ow tan 6^^ - - sin Ow (tan Or + cot Or) V^4^m6 ^z- (15) 

Similarly, one flnds for the couplings of the top-quark to the Z that, 5 git = SgLb, and 

2 1 
Sgm ~ -- sin 9w tan 6r^z + - sin (tan 9r + cot ^i?) V^lV^^jt ^z- (16) 

To explain the A'^p^ anomaly the model must be able to generate the shifts of Eq. |I|. The 
shift required for the left-handed coupling is small and at the level of radiative corrections. 
We have no way of flxing all the parameters of the model at one-loop so we concentrate on 
the larger shift required for the right-handed coupling. Keeping only the large cot 6r term 
Eq. m implies that, 

cot 0.08. (17) 

We now examine this result in view of the available phenomenological constraints. 

III. CONSTRAINTS 

As we have pointed out, the couplings of Eq. |1^ induce tree-level flavor changing neu- 
tral currents and there are severe phenomenological constraints on these. The potentially 
dangerous terms in Eq. |T1| are of the form 

8 



|i tan Ow cot ^« Vj* l-^,^.g^,7^gii,^^ ■ (18) 

The easiest way to suppress this while keeping a large Zhh right handed coupling is by 
choosing the matrix to be very close to the unit matrix. Usual constraints from K — K, 
D — D, and B — B mixing on four fermion operators such as those generated by a tree- level 
exchange of Z2 imply that off-diagonal elements in and are of order 10~^ or less |^ . 
Since these matrices are arbitrary, choosing them to be approximately equal to the unit 
matrix does not constrain other sectors of our model. 

In this model there are two mechanisms that generate a large contribution to the oblique 
parameter T and this leads to constraints on the parameters that affect in Eq. 17. 

First, there is a direct contribution to T from Z — Z^i mixing given by, 

1 1 .0 



In addition there are large contributions from top (and bottom)-quark loops to the oblique 
corrections. Starting with the couplings in Eq. |l^ these loop contributions can be obtained 
by extending the calculation of Ref. to include the Zbh couplings as well. Starting from 
the effective Lagrangian, 
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cos 6w 


9 




V2 





^ = ~ ^r..Q ^ ( ^3Lq + 5gLq)qLlt,qL + {9Rq + SgB^)qR-f^qR)Z^^ 
1 + SKL)iLli.bL + 5KRiR-f^bR)W+^' + h.c. 



(20) 



one finds that the leading non-analytic contributions to the oblique parameters are |27 



1 M| , 
S = 77- log(T7#) '^i^9Rt + ^9Rb) - {^9Lt + 59Lb] 



3 'fM^\^^Ml. 



Q -20 I A#2 j^Og{—^)[2SKL + SgRt-SgLt 

1 iVf^ / \ 
U = — log(^) [-^Skl + Sgu - SgLb) • (21) 

The contributions to U are seen to be small from Eq. There is a potentially large 
contribution to S given by: 



1 / V^* 

^^Rbb^Rbb 

-OWyf-fi-l). (22) 

^^Rbb^Rbb ^ 

In the last line we have used Eq. |l^ and taken ~ 600 GeV as a plausible upper bound 
(as we will see below). From Ref. we know that S = — 0.03±0.11(— 0.08), so new physics 
contributions to S are constrained to be less than 0.22 at the 2a level. We conclude that 
there are no significant constraints on our model from 5*. 

Returning to our discussion of T, we find a second large contribution, 



T = 77— -7^ ( TTT ^^^i^) ^« ^zV^uV^,,. (23) 



5 /M^\j ,Ml 

1671 sin 9w\M^ J M| 

Combining Eqs. |TU] and and using Eq. restricts the allowed — parameter 
space. In line with our discussion of fiavor changing neutral currents we also require that 
VmtVmt/V^bVRbb ~ 1- The global fit from the WWW 2001 update to Ref. [| is 

T = -0.02±0.13(+0.09). (24) 

With the particle data book definition of T this implies that new physics contributions to 
T are at most 0.26 at the 2a level, and we show the resulting constraints in Figure |l|. The 
hatched region in the figure indicates the parameter space allowed in our model. 
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Allowed Region For T < 0.26 




FIG. 1. Allowed region (hatched) in — from requiring T < 0.26, a 2a agreement with 
the global fit. Below the dashed line our model becomes non-perturbative as discussed in the text. 

Additional contributions to the oblique parameters arise from the Higgs sector of our 
model. The model contains a SM-like Higgs boson from Hi which contributes in a manner 
similar to that of the SM Higgs. The remainder of the scalar sector is largely unconstrained 
and we shall not discuss it further in this paper. 

It is instructive to discuss existing constraints on LR models. An early comprehensive 
analysis of weak neutral current data found that \^z\ < 0.05 was typical for left-right 
models. The equivalent constraint for our model would be weaker since our Z2 couplings 
to the first two generations are much weaker than in the usual LR models. Nevertheless, 
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\^z\ < 0.05 is satisfied in the allowed region in Figure The best direct search limits for a 



Z2 boson reported in Ref. come from CDF data [p^p5[ and for a LR Z2 are of the order 
of 630 GeV. However this limit assumes couplings of electroweak strength between the new 
Z2 boson and the first two generations. In our model these couplings are at least ten times 
smaller (since they are proportional to tan^^ and we need coiO^i > 10) effectively reducing 
the lower bound on the Z2 mass to less than 100 GeV from experiments that only involve 
couplings to the first two generations. Ref. JlSl has studied the problem of placing bounds 
on the mass of a Z2 that couples preferentially to the third generation. From searches for 
compositeness there are bounds on the scale of four fermion operators such as qilii^Le-Ll^e-L 



on the order of 4 TeV [Q. However, when these operators are induced by the exchange of 
the Z2 in our model, the smallness of its couplings to the first two generations results in a 
very weak lower bound (well below 100 GeV) as well. 

It appears that there are no significant constraints on the mass of a Z2 with couplings 
to the first two generations as weak as those in our model. For illustration we will simply 
assume a lower limit on the mass of our W2 of order 100 GeV because it has not been 
produced in e^e~ colliders, and assume a similar lower limit on the Z2 mass to produce 
Figure |I|. 

It is possible to place a theoretical constraint on the parameters of the model by requiring 
the coupling of the Z2 to the third generation fermions to remain perturbative. Demanding 
that 

f qy cot 6 , 

( ^ ) <4vr (25) 

results in cot6'/j < 20. Combined with Eq. |1^ and assuming that V^^^fefe ~ this results 
in a lower limit on > 0.004 shown as a dashed line in Figure |1]. As seen in Figure |1|, 
this also implies that Mz^ < 600 GeV. The hatched region helow the dashed line in Figure |1| 
satisfies phenomenological constraints but implies a Z2 coupling to the third generation 
which is non-perturbative. 

We now turn our attention to the charged gauge boson sector. The early bounds on 
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W — Wr mixing from a comprehensive analysis of low energy data can be found in Ref. p9 . 
Depending on the model their typical result was, 

\Q < 10"' (26) 

where ^g = ^^w = tan Ow/ sin Or 

As with the neutral gauge boson sector, these constraints do not apply directly to our 
model. The best bound on Wr couplings to third generation quarks comes from h 
as in the bound on the anomalous coupling 5nR from Eq. ^obtained in Ref. A more 
careful treatment of QCD corrections can be done along the lines of Ref. | The dominant 



contribution to 6 ^ 37 and the associated h ^ sg is from W — Wr mixing, one has 

-f^mixing = ^^^b^s['^7^^7 + Cg^Og], 

Os = -^m,m,,RG^''h, (27) 

where c^f are the Wilson Coefficients due to Left-Right mixing evaluated at a scale of order 
0{mw)- In our model they are given by 

= ^^ff'^n^^) ' 4^ = ^eff^G{x,) (28) 



where. 



tan6'iy (yRtt^Rhs , ym^Rbb 
Uff - n — —* ^ 



sin^^^-V V^l Vt, 
-20 + 31s -5x2 x(2-3x)^ 

Fix) = ; tt; 1 ; ttt lu X, 

^ ^ 12 X - 1 2 ^ 2 X - 1 3 



Gfa;) = + ^ ^ Inx, (29) 

^ ' 4(x-l)2 2(x-l)3 ' ^ ^ 

with Xt = m^/m^, and Vtb, Vts the usual CKM angles. 

Running down to the scale relevant to B decays, we obtain the dominant effective Wilson 
coefficient for b ^ sj, cyg//, 

C7eff = ^''l^'cli^ + - V^/^')4^. (30) 
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Here 77 = asimy/) I oisirri},). 

Compared with the SM top quark contribution, there is an enhancement factor mt/mf,. 
Using the most recent experimental data for b — > 57, B(b 57) = (3.21 ±0.43±0.27io;|o) x 
10~^ [0 we find at the 2a level that there are two allowed ranges for C,eff- They correspond 
to destructive and constructive interference with the standard model amplitude respectively 
and are, 

- 0.032 < ^e//< -0.027 

-0.0016 < ^e//< 0.0037 (31) 

In line with our discussion of flavor changing neutral currents we assume that the V^'"^ 
matrices are very close to the unit matrix. The largest contribution is then from 

tan Ow ^ .„„x 
sm dji 

With cot 9r 10 the two allowed ranges for are 

-0.006 < ^w< -0.005 

-0.0003 < ^w< 0.0007. (33) 

For comparison, the bound on C,z from T combined with the perturbative requirement re- 
sulted in 0.004 < C,z < 0.02. In the first allowed range in Eq. |3^ one finds 0.25 < \^w/^z\ < 
1.5 making both mixing angles of the same order. On the other hand, in the second allowed 
range in Eq. ^ < \^w/(,z\ < 0.18, so C,w is typically much smaller. An analysis of the quark 
mass matrices in our model reveals that it is possible to accommodate naturally a hierarchy 
V1/V2 ~ mf/m;,.[] This scenario would result in a l^vv'/^zl as low as 2mb/mt ~ 0.046. 

In conclusion we have shown that it is possible to accommodate the A^p^ result in a 
model with new right handed interactions for the third generation. The model predicts 
large deviations from the standard model in the right handed couplings of the top-quark 



^Similar ratios of vevs arise naturally in 50(10) Grand Unified Models for example |33] 
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and perhaps the tau-lepton. A striking feature of the model is the possible existence of a 
light {Mz2 < 600 GeV) Z' boson on which there is no meaningful lower bound at present. 
The range allowed by 6 — > 57 in Eq. Rl] also indicates that this model can give rise to CP 



asymmetries in B decays that deviate significantly from the standard model ||34|| . 
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